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COMET D'ARREST MISSION IN 1976

Ideal Velocity
Closing Velocity
Launch Date
Intercept Date
Perihelion Date

Communications
Distance

Spacecraft Weight
Launch Vehicle

41,200 ft/sec
13 km/sec
4/21/76
8/14/76
8/14/76

0.17 AU
500 1bs.
Atlas Agena
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ABSTRACT

SIGHTING AND TRAJECTORY ANALYSIS
FOR_PERIODIC COMETS: 1975-1986

28347

Possible intercept missions to 55 apparitions of 36
well known short period comets have been analyzed to delineate
those of potential interest in long range planning. Detailed
perturbation calculations, ballistic trajectory calculations
and sighting calculations were performed for each apparition
of each comet. A mission to comet D'Arrest in 1976 is, by far,
our 'best" mission between 1965 and 1986. The D'Arrest mission
would launch 4/76 with AV = 41,200 ft/sec for a four month
flight arriving at perihelion when the comet is 7th magnitude.
Closing velocity is 13 km/sec. Up to six months tracking are
available before launch. A 1970 D'Arrest apparition is avail-
able for preliminary observation, and a 1982 apparition for a
follow=-on flight. A mission to Halley's comet could launch in
1985 with AV = 43,000 ft/sec for a 7 to 10 month flight
arriving, when the comet is 4th or 5th magnitude, with a closing

velocity of 70 km/sec. Halley's is the bright, outstanding

periodic comet. My)
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Report No. T=-11

SIGHTING AND TRAJECTORY ANALYSIS
FOR PERIODIC COMETS: 1975-1986

1, SUMMARY

Possible intercept missions to 55 apparitions of 36
well known short period comets have been analyzed, to delineate
those of potential interest in long range planning. This work
is a direct extension of a previous ASC/IITRI Report, No. T-7
(Narin, Pierce 1964). Detailed perturbation calculations have
been performed to determine the positions and 55 perihelion
dates of the 36 comets moving under the influence of gravitational
fields of the Sun and planets. Ballistic trajectories to the
comets were then calculated to determine ideal velocity, time
of flight, closing velocity and communications distance as a
function of launch date. Sighting calculations (which are very
approximate due to uncertainties in comet brightness) were per-
formed to determine the expected brightness of the comets and
the number of hours the comet might be visible in the night sky.
The 55 apparitions were then divided into three classes:

Class I : Missions of Primary Interest
(3 apparitions)

Class II : Missions of Secondary Interest
(7 apparitions)

1HHT RESEARCH INSTITUTE



Class III: Missions of Low Interest
(45 apparitions)

In order to be considered as either Class I or II a comet had to

1) be visible and at least as bright as magnitude 12
at intercept (magnitude 12 is an approximate lower
limit for spectroscopic measurements from Earth).

2) be recoverable two months before launch, that is,
of brightness at least magnitude 20 and visible
at least one hour per day from some latitude of
Earth. (Magnitude 20 is an approximate lower
limit for comet detection with current techniques.)
The most important factor in eliminating missions from
Class I or II is the brightness calculation, since most periodic
comets are fainter than magnitude 12, The division of the 10
Class I and II comets into 3 best and 7 secondary is clearly
somewhat subjective, but is based on trajectory and sighting
data and on brief considerations of the scientific data avail-
able for each specific comet. With this last comment in mind,
we may list the following 3 '"best'" opportunities in chronologi-
cal order. The AV values are ideal velocities for 30 day
launch windows.

D'Arrest The '"best'" mission between 1965 and 1986.
(1976) Launch 4/76 with AV = 41,200 ft/sec for a

four month flight arriving at perihelion when
the comet is 7th magnitude. Closing velocity
is 13 km/sec. Up to 6 months tracking is avail-
able before launch. There is a 1970 apparition
for preliminary observation, and a 1982
apparition for a follow-on flight.

11T RESEARCH INSTITUTE
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Kopff Launch 3/83 with AV = 43,000 ft/sec for a

(1983) 6 month flight arriving two weeks after
perihelion, when the comet is 12th magnitude.
Closing velocity is 8-9 km/sec; this low
closing velocity is the main reason for
Kopff being Class I rather than Class II,
since f* 12 opogsikic o
consider a rendezvous mission. Four or

five months tracking available before launch.

Halley Launch 7/85 with AV = 42,500 ft/sec for a

(1986) 7 month flight arriving 6 weeks after peri-
helion, when the comet is ,th magnitude.
Closing velocity is 70 km/sec. Up to 9
months tracking available before launch.
Halley is the bright, outstanding periodic
comet; the high closing velocity might com-
plicate the mission somewhat.

2, GENERAL DISCUSSION

For long range planning purposes, it is of interest to
know which comets are accessible and attractive for exploratory
missions in the next twenty years, This report is the fourth
in a series of seven Astro Sciences Center reports on the comets;
the first two were a discussion of the scientific objectives of
missions to the comets (Roberts 1964a) and a compendium of data
on periodic comets (Roberts 1964b); the third (Narin and Pierce
1964) discussed perturbations, sighting and trajectories for
1965-1975 comets; the fifth report will survey comet missions
(Roberts 1965); the sixth will discuss missions to new comets,

and the seventh will summarize the ASC work on the comets.
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Since the comets are brightest and most active near
perihelion, this study considered all short period comets which
have well known orbits and which have perihelion between January
1975 and May 1986 (Halley's perihelion). Table 3, page 16,
shows the 36 comets considered and their 55 perihelion dates.

Because of (1) inaccuracies in the comet orbital ele=-
ments, (2) inexactness in calculating the perturbing effects of
the planets on comet orbits, and {3} secular (non-gravitational)
accelerations of the comets, the orbits of the comets are not
well enough known to consider launching to a comet without
optically recovering and tracking the comet before launch. In
order to predict the future positions of the comets as accur=-
ately as possible, detailed perturbation calculations must be
carried out for each comet. The latest published data in the
British Astronomical Association Handbooks (BAAH) or in Porter's
Catalogue (Porter 1961) were used as initial data for pertur=-
bation calculations. The Lewis Research Center NBODY code for
the IBM 7094 computer was used to carry out the perturbation
calculation; this code calculated the positions of the comets
moving under the influence of the gravitational fields of the
Sun and the planets Mercury through Uranus. The reader is
referred to ASC/IITRI Report T-7 for details of the perturbation
calculation and for osculating orbital elements for all the
comets considered. A few perturbation calculations performed
subsequent to Report T~-7 are included in this report as

Section 7.
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Once the comet's orbital elements were determined by
means of the perturbation calculation, the ASC/IITRI Conic
Section Trajectory system for the IBM 7094 (Pierce, Narin 1964)
was used to calculate ballistic trajectories from Earth to each
comet. The calculations yield ideal velocity AV, communications
distance RC, time of flight TF, closing velocity VHP and launch
and arrival dates., Flight times of up to 400 days were con-
sidered. 1In order to be considered interesting,a flight had to
arrive at the comet within a few months of perihelion, when the
comet was magnitude 12 or brighter. All of the interesting
comets have AV requirements of less than 50,000 ft/sec. Report
T-7 describes the trajectory calculations in more detail. The
results are contained in Tables 1 to 3 and Figures 1 to 55.

The last major stage in the computation was sighting
calculations. Since most of the short period comets are rela-
tively dim, the problems of detecting them are often formidable.
Furthermore the brightness of most comets is poorly known. The
ground rules used in the study were that the comet should be
visible two months before launch, at launch, and at intercept.
By visible it is meant that the comet is above the horizon in
the night sky for at least one hour from some latitude on Earth
and at least as bright as magnitude 20. These computations were
performed on the IBM 7094 using a specially written code SIGHT.
Since the available data on comet brightness are very approximate
some judgment was used in interpreting the calculating sighting
data. The data used in the brightness calculation is shown in

1T RESEARCH INSTITUTE



Table 4.

The most important effects of the sighting calculation
are to severely limit the interest in a mission if the comet is
fainter than 12th magnitude (an approximate limit for spectro-
scopic measurement from Earth) and to raise the AV necessary
to intercept a comet (because launch must occur after recovery
of the comet). The magnitude 12 limit is placed on the comet
brightness so that the data taken at the comet can be compared
with simultaneous spectroscopic measurements from Earth.

As a last step an attempt was made to choose from the
trajectory data, the sighting data, and ASC/IITRI studies of the
scientific interest of the comets (Roberts 1964a, 1964b) which
comets are most attractive for exploratory missions. Fortunately,
the scientifically interesting comets are the relatively bright
and active comets which tend to be easy comets to intercept.
However the final synthesis of trajectory, sighting and scientific
data into an ordering of comet missions is a somewhat subjective
procedure.

Before interpreting the data presented in the tables a
number of points should be kept in mind; these points are dis=
cussed further in the other ASC/IITRI comet reports.

1) A most critical factor in intercepting a comet is
the accuracy with which the comet orbital elements
are known. A miss distance of 10,000 km from the
nucleus would probably occur if the comet probe
does not carry on-board comet acquisition and
terminal guidance capability. Since comet nucleus
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diameters are typically 1-10 km, and coma diameters
20,000-2,000,000 km (Roberts 1964a) a probe without
terminal acquisition and guidance will probably tra-
verce the coma but be limited in its examination
of the nucleus.

2) It would be highly desirable to make spectroscopic
measurements from Earth as the spacecraft inter-
sects the comet. This implies the comet must be
of magnitude less than approximately 12 at inter=-
cept.

3) The brightness of the comets is not well known,
and changes from apparition to apparition; the
brightness formulas are often in error by a few
magnitudes. Thus all magnitude figures given are
very approximate. The typical, small diminution
of comet absolute brightness from apparition to
apparition, typically less than a magnitude per
apparition, has been ignored.

3. RESULTS
3.1 Missions of Primary Interest {Chronological Summary

Table)

Table 1 is a chronological summary table of the missions
of primary interest. AV in the second cclumn is the ideal
velocity sufficient for launch any time within a 30 day launch
window, and TF is the time of flight range for the window.

Note that the launch window is determined by sighting, as well
as trajectory considerations. Normally the first flight takes
the longest time; thus the launch of 4/21/76 for D'Arrest has

a flight time of 115 days, and arrives at perihelion. The
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arrival date of a flight launched at the beginning of the launch
window is given in the third column, the spacecraft to comet
closing velocity VHP is also given as is the Earth to comet
communications distance RC at time of intercept.

The magnitude data given in the sighting data summary,
columns 4 and 5, are approximate and must be used as an indi-
cation of the brightness rather than as an exact figure.

Column 4 gives the expected comet magnitude 60 days before
launch, and the number of hours the comet would be above the
horizon in the night sky for an observer at Earth latitudes

+ 25° and - 25°. Column 5 gives the corresponding data for the
comet at intercept. The last column gives some general comments
on the particular mission. The data used for the magnitude cal-
culation is included as Table 4.

Of the 3 Class I opportunities in 1975-1986 the first,
to D'Arrest, is very attractive since D'Arrest is a bright comet
of reasonable scientific interest, for which the recovery and
sighting are excellent. It would probably be possible to re-
cover D'Arrest by 12/1/75, five months before launch; the extra
three months of tracking, over the chosen minimum of two months,
could greatly contribute to probable mission success.. Kopff is
somewhat faint; however, the low closing velocity is an asset.
Halley's, of course, is the bright, outstanding periodic comet;

it is well known and scientifically interesting.
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3.2 Missions of Secondary Interest (Chronological Summary
Table)

Table 2 is a chronological summary table of missions of
secondary interest; its form is identical to that of Table 1.

3.3 All Missions (Alphabetical Summary Table)

Table 3 is a listing of all perihelia; if the comet does
not attain magnitude 12 or brighter it is described as of low
interest in this table; if it is magnitude 12 or brighter it is
described in more detail in Tables 1 and 2.

4, CONCLUSTIONS

The first conclusion is that D'Arrest in 1976, is an
outstanding, attractive opportunity. It appears to be the best
mission between 1965 and 1986. Halley's comet in 1986 is also
of great interest, although the mission might be complicated by
the high closing velocity. A mission to Kopff in 1983 is inter-
esting because the relatively low closing velocity of 8 to 9
km/sec allows a rendezvous mission to be considered.

A second conclusion is that, to interpret the trajectory
and sighting data, careful consideration must be given to each ap-
parition of each comet on an individual basis; furthermore the
possible scientific value of the missions can and should be a
strong influence on the final assessment of any particular
mission priority.

There are two possible extensions of this study:

1) Inclusion of other periodic comets.
2) Inclusion of new comets.
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The inclusion of other periodic comets is difficult,
since this study attempted to include all the well known comets;
the uncertainties in orbital elements and brightness for other
periodic comets are usually so great as to preclude detailed
perturbation, sighting and trajectory calculations.

The possible inclusion of new comets is a somewhat
different study. The new comets are particularly interesting
in that they are often bright and active; however, since they
cannot be predicted in advance any mission to a new comet im-
plies a pre-built spacecraft and vehicle, on the shelf, waiting
for discovery of the comet. We are now surveying the last few
decades to ascertain if there would have been any feasible
missions to new comets.
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NOMENCLATURE

Semi-major axis of comet orbit

Eccentricity of comet orbit

Inclination of comet orbit

Perihelion distance of comet orbit

The communications distance, or distance between the
Earth and the target at time of arrival of the space-
craft at the target.

Period of comet orbit

Time of flight for a mission

Perihelion date of comet

Launch hyperbolic excess speed: the difference between
the spacecraft'’s velocity in heliocentric coordinates
after Earth escape and the Earth's velocity in its orbit

at the same time.

Closing velocity (hyperbolic excess speed at the target):
spacecraft to target velocity difference at arrival time.

Ideal velocity: the total velocity increment which must
be given to a spacecraft leaving Earth:

AV = \/{36,178)2 + (VHL)? + 4000 ft/sec

Here 36,178 ft/sec is the characteristic velocity for

Earth escape, launching from Cape Kennedy, and 4000 ft/sec

is a correction for gravitational and frictional losses
during launch.

Argument of perihelion of comet orbit

Longitude of the ascending node of comet orbit

IHHT RESEARCH INSTITUTE
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7. OSCULATING ORBITAL ELEMENTS

The orbital elements given in Tables 5, 6 and 7 are
recalculations of those in ASC/IITRI Report No. T-7 for D'Arrest,
Harrington-Abell and Tuttle using more recent starting data
(Marsden 1965); the changes in orbital elements are not large
enough to affect any of the results reported in Report No. T-7.
8. FIGURES

Six parameter plots are included, as Figures 1 to 55,
for each apparition considered. The six parameters AV, VHP,
Comet Brightness, RC, TF and Arrival Time are all plotted
against the launch date. For example on Figure 1, for Comet
Arend, the minimum energy launch on 4/11/82 would have

AV = 43,000 ft/sec

VHP = 14 km/sec

Brightness = 23rd magnitude

RC = 3 AU

TF

300 days

Arrival Time = 105 days before perihelion.

Since perihelion occurs on 5/26/83, from the magnitude plot it
can be seen that the comet would be about 19th magnitude at
intercept. The dashed line is used for brightness when the
comet is not visible for one hour in the night sky; thus at
intercept (L00 days before perihelion)the comet would not be
easily visible. (The divisions on the abscissa are 100 days

apart.)
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Table 3

ALPHABETICAL SUMMARY TABLE OF ALL

COMET PERIHELIA

Comet Name Mission
Perihelion Date Interest Comments
Arend
5/26/83 Low Faint (Mag~19), poor
recovery, AV~ 43,000 ft/sec
Arend-Rigaux
1/26/78 Low Somewhat faint (Mag~14),
late recovery, possible
AV = 42,000 ft/sec flight
11/22/84 Low Somewhat faint (Mag~s14),
late recovery, AV ~ 55,000
ft/sec
Ashbrook=-Jackson
8/18/78 Low Faint (Mag~16), short
launch window, AV ~ 53,000
ft/sec
1/22/86 Low Faint (Mag~'16), short
launch window, AV ~ 45,000
ft/sec
Borrelly
2/18/81 Low Somewhat faint (Mag~13),
otherwise a reasonably
attractive apparition
Brooks 2
11/26/80 Low Somewhat faint (Mag~14),
fair recovery for AV = 45,000
ft/sec launch window
Comas Sola
9/26/78 Low Somewhat faint (Mag~ 14),

poor recovery for launch
window, AV~ 60,000 ft/sec
after recovery
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Comet Name
Perihelion Date

Table 3 (Cont'd)

— ——— e — ]
Mission
Interest Comments

Daniel
7/7/78

8/2/85

D'Arrest
8/18/76

10/13/82

Encke
8/16/77

12/6/80
3/27/84
Faye

2/27/77

7/9/84

Finlay
6/26/81

Forbes
9/24/80

Low

Low

Primary

Secondary

Low
Secondary

Secondary

Low

Low

Low

Low

Faint (Mag ~17), AV~70,000
ft/sec after recovery

Faint (Mag~16), AV~70,000
ft/sec after recovery

A very attractive opportunity;

see Table 1
See Table 2

Very poor sighting
See Table 2
See Table 2

Faint (Mag~15), AV ~ 50,000
ft/sec after recovery

Faint (Mag~'1l5), poor re=
covery, poor sighting,

AV ~ 60,000 ft/sec after
recovery

Somewhat faint (Magr~r13),

late recovery, AV ~ 55,000
ft/sec after recovery and

rapidly increasing

Faint (Mag~ol5), late re-
covery, AV ~ 45,000 ft/sec
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Table 3 (Cont'd)

Comet Name Mission
Perihelion Date Interest Comments
Giacobini=Zinner
2/11/79 Low Somewhat faint (Mag~14),
AV~- 60,000 ft/sec after
recovery and rapidly
increasing
9/4/85 Secondary See Table 2
Grigg-Skjellerup
4%9/77 Secondary See Table 2
5/13/82 Secondary See Table 2
Halley
1/8/86 Primary See Table 1
Harrington
12/24/80 Low Faint (Mag--16), poor re-

covery, AV 50,000 ft/sec
with late arrival

Harrington-Abell
4/18 /76 Low Very faint (Mag~:20), very
high energy shots, poor
arrival time

1/1/86 Low Very faint (Mag: '18), poor
arrival time for low energy
shots

Honda~-Mrkos=-Pajdusakova
4/15/80 Low Very faint (Mag~’20), or
not visible in night sky

5/24/85 Low Very faint (Mag- 20), or
not visible in night sky
Johnson
1/1/77 Low Faint (Mag~215), late arrival,
AV ~: 45,000 ft/sec
11/26/83 Low Faint (Mag -:15), late arrival,

AV ~> 48,000 ft/sec
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Table 3 (Cont'd)

b ——  — —————————

Comet Name Mission
Perihelion Date Interest Comments
Kopff
3/14/77 Low Somewhat faint (Mag~13) at
intercept, long flights with
difficult recovery and short
launch window
8/18/83 Primary See Table 1

Neujmin 1
10/8/84 Low Somewhat faint (Mag~>14), at
perihelion, but recoverable
with AV~ 42,000 ft/sec

Neujmin 3
12/8/82 Low Faint (Mag~'17), poor re-
covery, short launch window
after recovery

Perrine-Mrkos

5/16/82 Low Late recovery gives short
launch window; Mag~ 16 when
visible in night sky

Pons~-Winnecke

11/24/76 Low AV~ 70,000 ft/sec after
recovery; Mag- 18 when visible

4/2/83 Low Somewhat faint (Mag-~14);
late recovery forces
AV 60-70,000 ft/sec

Reinmuth 1 )

10/28/80 Low Faint (Mag~-16) with late
recovery forces, AV ~:70,000
ft/sec

Reinmuth 2
1/29/81 Low Faint (Mag--15) and in con-

junction at perihelion, fair
recovery with AV.-.- 50,000
ft/sec after recovery
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Table 3 (Cont'd)

e ——— — ——————— — — —— __—— ——— — —

Comments

Comet Name Mission
Perihelion Date Interest
Schaumasse

9/3/76 Low

12/4/84 Low

Schwassmann-Wachmann 2

3/14/81 Low
Tempel 2

2/19/78 Low

5/30/83 Low
Tuttle

12/13/80 Secondary
Tuttle-Giacobini-Kresak

1/15/79 Low

8/31/84 Low
Vaisala

8/1/82 Low

Somewhat faint (Mag~~13) and
in conjunction, AV ~ 60,000
ft/sec

Reasonably bright (Mag~12)
at intercept; late recovery

produces short launch window,
with AV 58,000 ft/sec

Somewhat faint (Mag~14),

recovery o.k., comet, AV~
45,000 ft/sec

Somewhat faint (Mag~14) and
in conjunction with the Sun.
AV ~ 60,000 ft/sec, after
recovery

Somewhat faint (Mag~13), but
AV~ 60,000 ft/sec with short
launch window after recovery

See Table 2

AV~ 65,000 ft/sec after re=
covery, Mag~-13

AV ~55,000 ft/sec after re-
covery and rapidly rising;
poor timing gives late
arrival; Mag~17 when in night
sky

Very faint (Mag~18) and in
conjunction at perihelion;
possible fair recovery
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Table 3 (Cont'd)

— ]
———

Comet Name Mission
Perihelion Date Interest Comments
Whipple
3/28/78 Low Faint (Mag~+16), AV = 46,000
ft/sec, good recovery
Wirtanen
5/26/80 Low Faint (Mag~17) and in con-
junction at perihelion
Wolf-Harrington
3/14/78 Low Faint (Mag--15), AV ~242,000
ft/sec, marginal recovery
forces AV up
9/21/84 Low Faint (Mag~v15), AV~ 70,000
ft/sec after recovery
Wolf
1/25/76 Low Very faint (Mag~18) and in
conjunction at perihelion
5/31/84 Low Very faint (Mag~18), and

in conjunction at perihelion
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Table 4

PARAMETERS USED IN THE MAGNITUDE EQUATION

M= MO + A loglO r +

5 log10 A

M = Magnitude A = Earth-comet distance AU
MO = Absolute magnitude A,5 = Empirical coefficients
of comet _ .
A = 15 unless noted otherwise
r = Comet-Sun distance AU

Comet Mo Comet o) Comet Mo
Arend 11.5 Finlay 11.5 Perrine=-Mrkos 9.0
Arend-Rigaux 12 Forbes 11.3 Pons-Winnecke 12.5
Ashbrook-Jackson* 11.5 Giacobini-Zinner 11.5 Reinmuth 1 10.6
Borrelly 10 Grigg-Skjellerup 13.4 Schaumasse 10
Brooks 2 10 Harrington-Abell 12 Schwassmann=

Wachmann 2 8.0
Comas Sola 8.5 Halley 4.6
Tempel 2 10.5
Daniel 11.5 Honda-Mrkos-
Pajdusakova 14.1 Tuttle 9.0
D'Arrest 9.5
Johnson 8.5 Tuttle=Giacobini
Encke 11.5 Kresak 11.7
Kopff 8.5
Faye* 11.1 Whipple * 10.5
Neujmin 3 10
Wolf-
Harrington 10.8

* A in these cases equals 10.
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